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The parvoviruses bovine adeno-associated virus (B-AAV) and adeno-associated virus type 5 (AAV5) have similar transcription maps. However,
while the AAV5 capsid gene promoter P41 possesses a high basal level in 293 cells, and is further activated only poorly by Rep during adenovirus
type 5 (Ad5) infection, the B-AAV P41 promoter has a low basal activity within RepCap constructs in these cells and can be strongly activated by its
Rep protein in the presence of Ad5when a Rep-binding element (RBE) is included in cis at either end of themolecule. These differences are not due to
differences in the intrinsic activating capability of the individual Rep proteins. Both viral promoters contain AP1 and CRE elements that contribute to
their basal activity; however, the nature of the B-AAV P41 promoter itself and the surrounding sequences contribute to its relatively lower basal
activity. In addition, the B-AAV upstream transcription units themselves also are activated in the presence of Ad5 and Rep. Thus, although the
transcription map of B-AAV is much more closely related to AAV5, activation of its promoters is functionally more like the prototype AAV2.
© 2007 Elsevier Inc. All rights reserved.Keywords: Adeno-associated viruses; Transcription profile; AAV5; B-AAV; Promoter regulationIntroduction
As members of Dependovirus genus of the Parvoviridae
family, adeno-associated viruses (AAVs) depend on helper vi-
ruses such as adenovirus type 5 (Ad5) or herpes simplex virus
(HSV) to complete their life cycle. Different AAVs utilize
diverse strategies to modulate their capsid promoter activity
(Bowles et al., 2006; Cotmore and Tattersall, 2006). The AAV2
capsid promoter P40 has been extensively studied and, similar to
many human AAVs, has a low basal transcription activity. In the
presence of helper viral functions, P40 is activated strongly by its
own large Rep protein following binding to a platform provided
by its inverted terminal repeats (ITR) or P5 promoter (McCarty
et al., 1991). The AAV5 capsid promoter P41, on the other hand,
has a higher basal activity in Ad5 E1A- and E1B-expressing 293
cells, partly due to the presence of AP1 and CRE transcription⁎ Corresponding author. Fax: +1 573 884 9676.
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doi:10.1016/j.virol.2007.09.007factor binding sites upstream of the promoter, and is further
activated only poorly by its Rep protein in the presence of Ad5
(Ye and Pintel, 2007).
AAV5 is the most divergent serotype of all human AAVs
(Bantel-Schaal et al., 1999; Chiorini et al., 1999a,b) and its
transcription organization is closely related to animal AAVs,
such as caprine AAV (Go.1-AAV) and bovine AAV (B-AAV),
which were originally isolated from animal adenovirus stocks
(Arbetman et al., 2005; Clarke et al., 1979; Luchsinger et al.,
1970; Myrup et al., 1976). For these viruses, the RNAs encoding
the Rep proteins are primarily polyadenylated at a site in the
center of the genome—a feature not utilized by the other human
AAVs including AAV2 (Qiu et al., 2006a,b, 2005). The nu-
cleotide sequence of AAV5 and B-AAV is more than 77%
identical, which is greater than the homology between AAV5
and the other main serotypes of human AAV (AAV1, 2, 3, 4 and
6, which are all below 60%). Examination of the B-AAV P41
capsid promoter region revealed the presence of both AP1 and
CRE sites (Ye and Pintel, 2007), yet in contrast to AAV5, its
basal activity was low, and it was still significantly activated by
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of Ad5 (Qiu et al., 2006b). This observation was unexpected
given the high homology between AAV5 and B-AAV promoter
region sequences, and their similar genetic organization. Con-
sidering these differences, further detailed comparison between
AAV5 and B-AAV is called for. Additionally, because the
RepCap constructs analyzed in the previous reports were built in
slightly different backgrounds [B-AAV but not AAV5 constructs
contained [1/2] ITR elements at both ends of the genome (Qiu
et al., 2006b)], in this study, we systematically compared the
transcription profiles of the two viruses under identical con-
ditions. The activation of the B-AAV P41 promoter by its own
Rep and interestingly, by AAV5 Rep as well, was confirmed.
Although mutation of both the B-AAV P41 AP1 and CRE sites
somewhat decreased its basal activity, the overall lower basal
level of B-AAV P41 could be attributed to a combination of an
intrinsic weakness in the promoter itself, and context-dependent
effects of surrounding sequences. In linear B-AAV constructs
with RBE-containing [1/2] ITR sequences at their left-hand end,
upstream promoters (ITR, P7 and P19) were also activated in the
presence of Ad5 and Rep. Thus, although B-AAV is much more
closely related to AAV5, activation of its promoters is governed
differently, and is functionally more like the prototype AAV2.
These results demonstrated that B-AAVutilizes a combination of
transcription strategies employed by both AAV2 and AAV5, and
revealed an additional means employed by AAVs for governing
their capsid gene expression.
Results
RNA expression profile differences between B-AAV and AAV5
Previously we have shown that, in E1A- and E1B-expressing
293 cells, the AAV5 capsid gene P41 promoter within ITR-deleted,
noninfectious AAV5RepCap plasmids exhibited a high basal level
of transcription which was not further increased by helper Ad5
infection (Ye and Pintel, 2007). In addition, the AAV5 Rep protein
was shown to be only amodest activator of P41 in 293 cells when a
binding site was linked to the promoter (Ye et al., 2006). This is in
contrast to the expression of the AAV2 P40 promoter, which in
analogous constructs exhibits a very low basal activitywhich could
be strongly activated byAAV2Rep (Ye et al., 2006). Expression of
the B-AAV P41 promoter in similar constructs, however, was low
in 293 cells either in the absence or presence of Ad5, and when an
RBE was introduced into this construct, in the form of a [1/2] ITR
sequence, the activity of B-AAV P41 was significantly increased
by its own Rep protein (Qiu et al., 2006b). This result was
unexpected because the B-AAV nucleotide sequence and genetic
organization are much more similar to AAV5 than to other human
AAVs, yet its activation pattern was more similar to that of AAV2.
Therefore, we decided to comprehensively compare the transcrip-
tion of the B-AAVand AAV5 P41 promoters by placing them in a
similar background, as diagrammed in Fig. 1A, and examining
them in the same cell type. Examination of B-AAV in bovine cells
is prevented currently because all available stocks of bovine
adenovirus are contaminated with B-AAV. Our initial attempts to
purify the stockswere unsuccessful and infection by humanAd5 inthese cells was restricted (Qiu et al., 2006b). However, we have
previously shown that B-AAV grows productively in 293 cells in
the presence of human Ad5 (Qiu et al., 2006b), which afforded a
permissive system for both viruses for our analysis. In addition to
characterizing the ITR-deleted RepCap constructs previously
described (Qiu et al., 2006b), we also extended the constructs at
the 5′ and/or 3′ end so that an RBE-containing [1/2] ITR sequence
was added. This provided a Rep-binding platform, yet still lacked
essential cis-elements required for genome replication. For both
sets of plasmids, P41 transcription levels in the presence or absence
of Ad5 infection were compared using RNase protection assays
and the quantification of these results is shown in the bar graph in
Figs. 1C and E.
For B-AAV, P41 transcription from RepCap plasmids was
only slightly increased by Ad5 infection (Fig. 1B, compare lane
2 to 1; Fig. 1C). Consistent with previous observations (Qiu
et al., 2006b), more significant activation during Ad5 co-
infection was observed from constructs with the RBE-contain-
ing [1/2] ITR sequence present, regardless of its position (2–3-
fold, Fig. 1B, compare lanes 4, 6, and 8 to lanes 3, 5, and 7,
respectively; Fig. 1C). As seen previously (Ye et al., 2006),
however, P41 transcription from AAV5 was not significantly
increased by Ad5 infection in any of the constructs (Fig. 1D,
compare lanes 2, 4, 6, and 8 to lanes 1, 3, 5, and 7, respectively;
Fig. 1E). Therefore, although genetically closer to AAV5, the
transcription pattern of B-AAV was more similar to that of
AAV2, whose large Rep proteins bind a RBE and recruits tran-
scription factors for capsid promoter activation (Pereira and
Muzyczka, 1997). Based on our previous comparison study
between AAV2 and AAV5 (10), this could have been due to
either differences in the activation ability of the two Rep proteins
(Ye et al., 2006), and/or the nature of the cis sequences around
the capsid promoters themselves (Ye and Pintel, 2007).
Additionally, for both B-AAV and AAV5, the upstream tran-
scripts from constructs containing left-hand [1/2] ITR sequences
(TRRepCap and TRRepCapTR) were significantly more abun-
dant than those from RepCap and RepCapTR.
B-AAV and AAV5 Rep have similar activation capabilities
AAV5 and B-AAV Rep proteins display nearly 90% amino
acid identity. To functionally compare the potential roles of the
B-AAVand AAV5 Rep proteins in P41 activation, we engineered
a set of reporter plasmids (RepStopCap constructs), based on the
RepCap constructs mentioned above, which no longer expressed
Rep due to the introduction of premature termination codons
downstream of the P7 promoters (diagrammed in Fig. 2A). The
ability of AAV5 and B-AAVRep proteins to activate transcription
from the reporter plasmids was then assayed when provided in
trans together with Ad5 infection. As seen previously, all B-AAV
RepStopCap constructs, regardless of the placement of the RBE-
containing [1/2] ITR sequence, produced very low levels of
P41 transcripts in the absence of Rep proteins (Fig. 2B, lanes 1,
4, 7, and 10; Fig. 2C, open bars). Introduction of either AAV5
or B-AAV Rep did not increase expression of B-AAV P41 in the
B-AAV RepStopCap plasmid due to the lack of Rep-binding
sequences in this construct (Fig. 2B, compare lanes 2 and 3 to
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Fig. 1. RNA expression profile differences between B-AAVand AAV5 in response to Ad5 infection. (A) Diagrams of RepCap constructs used in this experiment. P7,
P19, and P41 promoters are indicated by arrows. Probes across P41 region used in the RNase protection assay are labeled as RP (spanning nt 1855 to 1995 of B-AAV
and 1846 to 1986 of AAV5). [1/2] ITR sequences were placed at the left (nt 81 to 192 of B-AAVand 75 to 184 of AAV5) or right hand (nt 4494 to 4637 of B-AAVand
nt 4449 to 4591 of AAV5) of the genome to allow Rep binding. (B and D) RNase protection assay, performed as previously described (Naeger et al., 1992; Schoborg
and Pintel, 1991), using the aforementioned RP probe across the P41 initiation site of RNA generated in 293 cells following transfection of B-AAV (B) or AAV5 (D)
constructs diagramed in panel A. Lanes 7 and 8 have slightly faster migrating bands due to the mismatch at the end of the RP probe generated during the cloning
procedure. pEGFPC1 (Clontech, Mountain View, CA) was co-transfected as internal control. Transcription signals from GFP, upstream promoters (ITRP7P19) and
P41 are labeled. (C and E) Quantification, using Fujifilm MultiGauge software, of RNase protections, a representative of which is shown. Data from at least three
experiments, with standard error bars, are presented as the level of P41 transcripts normalized to GFP signal.
Fig. 2. Transcription activation by AAV5 and B-AAV Rep protein. (A) Diagrams of RepStopCap constructs and probes used in this experiment. Constructs are the
same as in Fig. 1A except the introduction of premature termination codon at nt 541 for B-AAV (Qiu et al., 2006b). (B) RNase protection assay of the constructs co-
transfected with pBluescript SK empty-vector control (SK) or AAV5 (V) or B-AAV Rep (B) expression constructs (Qiu et al., 2006b, 2002) as activators, followed by
Ad5 infection. pEGFPC1 was co-transfected as control. GFP transcripts, and transcripts generated from upstream promoters (ITR+P7+P19), and P41 are labeled.
(C) Quantification of the protection shown above. Data from at least three experiments, with standard error bars, are presented as the level of P41 transcripts normalized
to GFP signal.
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396 C. Ye, D.J. Pintel / Virology 370 (2008) 392–402lane 1; Fig. 2C). However, in constructs into which [1/2] ITR
sequences competent for Rep binding were introduced (TRRep-
StopCap, RepStopCapTR, and TRRepStopCapTR), P41 tran-
scription was significantly increased following co-transfection of
either AAV5 or B-AAV Rep (Fig. 2B, compare lanes 5 and 6 to
lane 4, lanes 8 and 9 to lane 7, and lanes 11 and 12 to lane 10,
respectively; Fig. 2C). These results demonstrated that the basalactivity of the B-AAV P41 promoter was low, and confirmed the
role of these Rep proteins as activators of the B-AAV P41
promoter. BothRep proteinswere expressed at similar levels (data
not shown). The relatively similar activation fold obtained sug-
gested that AAV5 and B-AAV Rep have similar activation
capabilities, and that activation byAAV5Repwas apparent in this
situation because of the low basal activity of B-AAV P41.
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capsid promoter
Sequence alignment revealed high identity between the B-
AAV and AAV5 P41 promoter upstream sequences (Fig. 3A),
with AP1 and CRE sites present in both. We have previously
shown that disruption of the AP1 andCRE sites in the AAV5 P41
upstream region debilitated basal promoter activity, yet allowed
a higher activation fold by AAV5 Rep (Ye and Pintel, 2007).
Assay of luciferase reporter genes driven by different versions of
the B-AAVand AAV5 P41 promoters showed that the upstream
sequence of B-AAV functioned similarly to that of AAV5,
increasing promoter activity significantly over the core promoter
sequences alone (Fig. 3B, compare minCP41 to CP41)—
although the overall promoter activity of B-AAV P41 remained
lower than AAV5 P41. Mutation in the AP1 or CRE sites
decreased the promoter activity to about half of the wild-type
level (Fig. 3B, compare minAP1mCP41, minCREmCP41 to
minCP41), and the double mutant promoter had an even lower
activity (Fig. 3B, compare minAP1mCREmCP41 to min-
AP1mCP41 and minCREmCP41), consistent with what we
observed previously for the AAV5 P41 promoter. Therefore, like
AAV5, both the AP1 and CRE sites were functional in main-
taining basal transcription of the B-AAV P41 promoter. However,
the difference in activity between theB-AAVandAAV5minCP41
constructs was significantly less than observed for the differences
observed between these promoters in their native context
(Fig. 3D, compare lanes 1 and 7; Fig. 3E), suggesting that geno-
mic sequences other than those within the minimal promoter
region might also contribute their different transcription profiles.
To address this possibility, we engineered two chimeric con-
structs based on the parent RepStop plasmids described above.
The B-AAVRepStopCapAAV5P41 contains the AAV5 P41 pro-
moter in the B-AAV background, while AAV5RepStopCapB-
AAVP41 has B-AAV P41 promoter in the AAV5 background
(Fig. 3C). Although the chimeric junction chosen was placed in a
homologous region between the two to avoid potential disruption
of Rep open reading frame, there was still the possibility of
incorrect folding of the chimeric Rep protein. Therefore, a pre-
mature termination codon was introduced downstream of the P7
promoter and potential Rep functions were assayed following
addition in trans.Fig. 3. Analysis of cis sequences of B-AAVand AAV5 that control P41 transcription.
promoter region. Promoter constructs described below and in the text were used to d
are shaded. AP1 and CRE elements previously reported to mediate constitutive high le
promoters (CP41, AAV5 nt 1880–1970, B-AAV nt 1889–1979) starting from TATA
starting from AAV5 nt 1770 or B-AAV nt 1779) are labeled. (B) Mutation analysi
by various AAV5 promoters, and black bars represent luciferase expression driven b
B-AAV promoters is indicated below the bars (refer to Materials and methods for se
promoter sequence (CP41) starting with TATA box, or core promoters with
(minAP1mCP41, minCREmCP41 and minAP1mCREmCP41) in 293 cells. Lucifera
values shown are the average with standard deviations from three independent plas
chimeric RepStopCap constructs used in the assay below. Blank bar represents v
constructs contain premature termination codon downstream of P7 promoter (nt 541
RNase protection assay. (D) RNase protection assay of the constructs co-transfected
(B) expression constructs as activators, followed by Ad5 infection. Transcription
protection shown in panel D. Data from at least three experiments, with standard errThe basal level of the B-AAV and AAV5 P41 promoters in
the parent plasmids was again seen to be significantly different.
AAV5 P41 transcription was approximately 7-fold higher than
B-AAV (Fig. 3D, compare lane 1 to lane 7; Fig. 3E). This effect
was not due to Rep because adding AAV5 or B-AAV Rep in
trans did not significantly change the level of transcription
(Fig. 3D, compare lanes 2 and 3 to lane 1, and lanes 8 and 9 to
lane 7; Fig. 3E). However, when AAV5 P41 was placed in the
B-AAV background, transcription was reduced to about half of
the original level (Fig. 3D, compare lane 4 to lane 1; Fig. 3E),
and Rep provided in trans had little additional effect (Fig. 3D,
compare lanes 5 and 6 to lane 4; Fig. 3E). This level was still
higher than the P41 activity observed from the wild-type B-
AAV construct (Fig. 3D, lane 7; Fig. 3E), primarily because the
constitutive basal activity of the AAV5 P41 promoter was
greater, which was apparent in Fig. 3B. In the reciprocal expe-
riment, in which the B-AAV P41 promoter was placed in the
AAV5 background, B-AAV P41 activity was increased to about
twice that of the original level (Fig. 3D, compare lane 10 to 7;
Fig. 3E), although not quite to the level of the wild-type AAV5
P41 (Fig. 3D, lane 1; Fig. 3E), likely due to a lower intrinsic
basal level of B-AAV P41 activity, as described above. Addition
of Rep still had little effect (Fig. 3D, compare lanes 11 and 12 to
lane 10; Fig. 3E). Thus, although the B-AAV P41 promoter
contains functional AP1 and CRE sites like AAV5, its activity
was still lower due to a combination of intrinsic properties of the
promoter itself and a context-dependent effect of surrounding
sequences. It remains possible that either AAV5 contains extra
transcription factor binding sites in its P41 promoter or
surrounding regions, or alternatively, that B-AAV may possess
unidentified repressor binding sites at similar region.
B-AAV upstream transcription units in constructs with
RBE-containing left-hand [1/2] ITRs are activated during Ad5
co-infection in a pattern similar to AAV2
As observed in Fig. 1, circular B-AAVand AAV5 constructs
containing left-hand [1/2] ITR sequences had elevated levels of
transcripts apparently originating from upstream promoters.
However, in our preliminary attempts to characterize the nature
of these transcripts, we found that these plasmids generated a
significant level of transcripts that had “read-around” these(A) Alignment of AAV5 (nt 1770 to nt 1970) and B-AAV (nt 1779 to 1979) P41
rive luciferase gene expression in the reporter constructs. Consensus nucleotides
vel of AAV5 P41 promoter are boxed and indicated. Nucleotide numbers of core
box, and minimum upstream sequences attached to core promoters (min CP41,
s of P41 promoter. Blank bars represent the luciferase gene expression driven
y corresponding B-AAV promoters. The designation of each pair of AAV5 and
quences and nucleotide numbers). The luciferase gene was driven by each core
minimum wild-type (minCP41) or AP1/CRE mutant upstream sequences
se activity was normalized to Renilla luciferase (R-luc) transfection control. The
mid transfections done in a single experiment. (C) Diagrams of wild type and
alues for AAV5 sequences while black bar represents values for B-AAV. All
for B-AAVand nt 480 for AAV5). The RP probe across P41 region was used for
with pBluescript SK empty-vector control (SK) or AAV5 (V) or B-AAV Rep
signals from GFP, P7, P19, and P41 are indicated. (E) Quantification of the
or bars, are presented as the level of P41 transcripts normalized to GFP signal.
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not shown). To more accurately assess the activity and acti-
vation of the B-AAV and AAV5 upstream promoters, we first
linearized the B-AAVand AAV5 constructs, to prevent potential
read-through transcription around the circular plasmids. The
RNA these plasmids generated was then assayed using separate
probes across P41, P7, and P19 promoters. The latter two
allowed quantification of RNAs generated individually by the
P7 and P19 promoters and RNAs generated from within the ITRFig. 4. Upstream transcription analysis of linearized B-AAVand AAV5 plasmids. (A)
same as in Fig. 1A except they were linearized within the plasmid backbone. P7 probe
spans from nt 848 to nt 1005 of B-AAVand nt 839 to nt 996 of AAV5. RP probes ar
transfection of linearized version of aforementioned B-AAVand AAV5 constructs, us
internal control. The derivation of each transcript (ITR, P7, P19, ITR+P7+P19, P7+
undigested P7 probe (as determined by co-migration with a probe sample not shown
migrate faster than the asterisk-designated band. Bands representing P41 transcriptio
due to a mismatch at the end of the RP probe which was generated during the clonin
lanes 11, 12, 15, and 16 migrated slightly faster than those in lanes 9, 10, 13, and 14,
procedure. The nature of the extra band above the P7P19 transcript band in lane 23 is
of the protection assays for each panel of B and D, respectively. Data from at least thr
normalized to GFP signal.(ITR vs. P7 using P7 probes, ITR+P7 vs. P19 using P19 probes,
Fig. 4A).
P41 transcription from both linearized B-AAV and AAV5
plasmids followed the same pattern of expression as from the
circular plasmids as seen in Fig. 1, i.e., B-AAV P41 in con-
structs with the RBE-containing [1/2] ITR-binding site at any
position was activated in the presence of Ad5 (Fig. 4B, compare
lanes 20 to 19, 22 to 21 and 24 to 23; Fig. 4C bottom panel),
while AAV5 P41 was not activated in any of the constructs inDiagrams of RepCap constructs and probes used. The RepCap constructs are the
spans from nt 280 to nt 440 of B-AAVand nt 278 to nt 431 of AAV5. P19 probe
e the same as those used in Fig. 1. (B and D) RNase protection assay following
ing the P7, P19, and RP probes as described in the text. GFP probes were used as
P19, and P41) is labeled on the left side of the panel. (⁎) in panel D represents
in this figure), rather than a genuine ITR transcript, which would be expected to
n in lanes 23 and 24 (B) migrate slightly faster compared to those in other lanes
g procedure, as mentioned in the legend to Fig. 1. In panel D, P19 transcripts in
also due to a mismatch at the end of the P19 probe generated during the cloning
uncertain, but likely represents partially digested probe. (C and E) Quantification
ee experiments, with standard error bars, are presented as the level of transcripts
Fig. 4 (continued ).
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24 to 23; Fig. 4E, bottom panel). This result further confirmed
that similar to AAV2, and in contrast to AAV5, the activation
of B-AAV P41 by Rep requires the RBE and Ad5 helper
function, and the presence of RBE is position- and orientation-
independent.
Analysis of B-AAV upstream transcription revealed addi-
tional similarities to AAV2 and differences from AAV5. In
constructs with a left-hand [1/2] ITR, all three transcription
units (ITR, P7 and P19) were activated with Ad5 infection
(Fig. 4B, lanes 4, 8, 12 and 16; Fig. 4C, top two panels), while
for all the AAV5 constructs, none of the promoters showed
increased transcription in response to Ad5 infection (Fig. 4D,
left two panels, compare even numbered lanes with odd num-
bered ones; Fig. 4E, top two panels). Expression of the B-AAV
and AAV5 P19 promoters was also distinctly different. In the
TRRepCapTR constructs, which are likely most similar to the
transcription template used during infection, B-AAV P19 ac-
tivity reached levels comparable to P7 with Ad5 infection
(Fig. 4B, lane 16; Fig. 4C, middle panel); however, levels of the
AAV5 P19 promoter in similar constructs remained low relative
to P7 transcription in the presence of Ad5 (P19:P7 approxi-
mately 1:3 in TRAAV5RepCapTR, Fig. 4D, lane 16; Fig. 4E,
middle panel). This result is somewhat different from those
previously observed for AAV5 virus undergoing replication in
293 cells (Qiu et al., 2002), for reasons that are currently
unclear. Addition of the left-hand [1/2] ITR in the AAV5 con-
structs did increase levels of P7 transcription (Fig. 4D, lanes 3, 4
and lanes 7, 8; Fig. 4E, top panel); however, transcription
originating from the AAV5 ITR itself was undetectable, andthus lower than that from the B-AAV ITR, which agrees with
our previous observation (Qiu et al., 2006b). Thus, the increased
levels of upstream-derived transcripts from the B-AAV
constructs with a left-hand [1/2] ITR in the presence of Ad5
and Rep represented a combination of transcripts generated
from the ITR, P7, and P19, while for AAV5, the ITR-dependent
enhancement resulted in an increase only in P7 activity. Inter-
estingly, when comparing TRB-AAVRepCap to TRB-AAV-
RepCapTR, the magnitude of augmentation of the ITR and P7
promoters in response to Ad5 was different. Introduction of the
right-hand [1/2] ITR reduced transcription from left-hand [1/2]
ITR to approximately 1/4 of the original level, while tran-
scription of P7 was increased about 2-fold (Fig. 4B, compare
lane 8 to lane 4), a pattern which is more similar to that seen
during viral infection (Qiu et al., 2006b).
Taken together, these results indicated that transcription of
all three primary promoters within the B-AAV constructs with
left-hand [1/2] ITR sequences present in cis was activated by
the presence of Ad5 and Rep similarly to AAV2, while AAV5,
despite its greater sequence homology with B-AAV, remained
unique in this regard.
Discussion
Althoughwe have previously reported that the overall genetic
organization of B-AAV is more similar to AAV5 than to AAV2
(Qiu et al., 2006b), a more detailed characterization of B-AAV
transcription has now revealed additional features that are more
similar to that of AAV2, despite their lower sequence homology
and different transcription maps. The basal activity of the B-AAV
Fig. 5. Models of capsid promoter regulation of various AAVs. Arrows represent
AAV2, AAV5, and B-AAV capsid promoters. Filled ovals represent Rep-
binding elements (residing in ITRs at the end of each genome, and an extra one
in the P5 region for AAV2). Shaded oval in the top panel represents SP1
transcription factor previously shown to interact with the AAV2 Rep protein
(Pereira and Muzyczka, 1997). Adenovirus genes or unidentified cellular genes
induced by adenoviral infection involved in Rep activation are shown in a
cluster of empty ovals. The upstream AP1 and CRE transcription factor binding
sites are in rectangles and labeled with “+”. The top panel is derived from a
previous study by Pereira et al. (Pereira and Muzyczka, 1997). The middle panel
is based on our previous observations (Ye and Pintel, 2007), and the bottom
panel is based on this study. See details in text.
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AP1 and CRE-binding sites that differentiate AAV5 P41 from
AAV2 P40. The low activity of B-AAV P41 was due to a
combination of a weak promoter itself and its surrounding
genomic context, and this low level afforded a dynamic range for
subsequent Rep activation. In confirmatory experiments, the
linear TRB-AAVRepCapTR construct was seen to exhibit ac-
tivation of its P41 capsid promoter, as well as all upstream
promoters (ITR, P7 and P19) in the presence of Ad5 and Rep,
while in contrast, all the transcription units (ITR, P7, P19 and P41)
of the linear TRAAV5RepCapTR construct remained relatively
unresponsive. Activation of the B-AAV P41 promoter by its Rep
protein required an RBE, whose placement in cis was irrelevant;
however, activation of other upstream transcription units of B-
AAV required an RBE at the left-hand end to achieve its effect.
We have previously demonstrated that the AAV5 Rep protein
was a poor activator of the AAV2 P40 promoter even though it
bound the AAV2 P5 RBE as well as did AAV2 Rep (Ye et al.,
2006). However, we have found here that AAV5 Rep is able to
activate B-AAV P41 within the B-AAV background due to its
low basal level in that context. Activation of the AAV5 P41
promoter by AAV5 Rep was also observed when the basal
activity of AAV5 P41 promoter was decreased by mutation of
its AP1 and CRE elements (Ye and Pintel, 2007). Thus,
activation levels of the AAV capsid promoter are determined by
both the intrinsic strength of the promoter sequences and the
binding/activation properties of Rep.
In our experiments, the activation magnitude of the B-AAV
capsid promoter was not directly related to the level of the large
Rep-encoding P7 transcripts. In the presence of Ad5, the linear
B-AAVRepCapTR construct (Fig 4B, lane 6) produced less P7
transcripts than linear TRB-AAVRepCap or TRB-AAVRep-
CapTR (Fig 4B, lanes 4 and 8), yet all three P41 promoters were
activated to comparable levels. Similarly, activation of the
AAV5 P41 promoter did not appear to be further enhanced by
increased P7 transcription from constructs containing a left
hand [1/2]ITR. Thus, it is likely that efficient activation of the
B-AAV and AAV5 capsid gene promoters requires a relatively
small threshold level of Rep, above which, little additional
activation is seen. This has previously been noted for activation
of the capsid gene promoter of the autonomous parvovirus
minute virus of mice by its nonstructural protein NS1 (Pearson
and Pintel, 2000). Such observations should be taken into
account when considering how absolute levels of Rep affect the
models of AAV capsid gene activation proposed below.
Based on our recent observations (Qiu and Pintel, 2002; Ye
and Pintel, 2007; Ye et al., 2006), and together with previously
established AAV2 transcription activation models (Pereira and
Muzyczka, 1997), we summarize in Fig. 5 an overview of the
capsid gene transcription strategies employed by these three
different AAVs. Basal AAV2 P40 transcription activity is low in
both E1A- and E1B-expressing 293 cells and HeLa cells, and
this is at least partially due to the lack of AP1 and CRE-binding
sites adjacent to P40, which are present in AAV5 and B-AAV
P41 (Ye and Pintel, 2007). Activation relies on the AAV2 large
Rep protein in the presence of helper viral functions, and Pereira
et al. (Pereira and Muzyczka, 1997) have proposed that thisactivation is mediated by a loop structure formed via the
interaction between AAV2 Rep, transcription factor SP1, and
their respective binding sites in the viral ITR/P5 and P40
regions (Fig. 5, top panel). This structure likely helps to recruit
additional transcription factors from the ITR/P5 region to the
capsid promoter region thus increasing P40 transcription. On
the other hand, the basal activity of the AAV5 P41 promoter in
the absence of Rep is constitutively high in E1A- and E1B-
expressing 293 cells (Qiu et al., 2002; Ye and Pintel, 2007), and
thus Rep activation levels are less pronounced (Fig. 5, middle
panel). The higher basal activity of the AAV5 P41 promoter is at
least partially due to the AP1 and CRE transcription factor
binding sites upstream of the P41 core promoter elements,
which are lacking in AAV2 P40 (Ye and Pintel, 2007). B-AAV
demonstrated a transcription profile combining the features of
AAV5 and AAV2. Similar to AAV5, the B-AAV P41 promoter
contains both AP1 and CRE sites upstream, which contributed
to its basal activity, yet the B-AAV P41 level was still low, due
to both the weak nature of the P41 sequences and a context-
dependent inhibitory effect of surrounding sequences. This low
basal activity allows a greater magnitude of activation by Rep
(Fig. 5, bottom panel), similar to the situation for AAV2 P40,
although whether activation is ultimately mediated by the same
mechanism is not yet known and needs to be confirmed in the
native bovine cell host. Thus, these three AAVs achieve the
common goal of optimal activated levels of capsid gene RNA
expression by distinct means. While many of the details of these
proposed mechanisms remain unknown (including the involve-
ment of helper virus functions), how these differences may be
related to variations in the life-cycles of these viruses is inter-
esting to consider.
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Cells and virus
293 cells are permissive for B-AAV replication in the pre-
sence of human Ad5 as previously described (Qiu et al., 2006b).
Transfections, using Lipofectamine and the Plus reagent
(Invitrogen, Carlsbad, CA), were performed as previously des-
cribed (Qiu and Pintel, 2002), and when Ad5 was co-infected,
this was done 5 h after transfection at a moi of 5.
Plasmid constructs
RepCap and RepStopCap plasmids
AAV5 RepCap (containing AAV5 nt 185–4448) has been
described previously (Qiu et al., 2002). B-AAV RepCap (contain-
ing B-AAV nt 193–4493) was constructed by inserting B-AAV
sequence between the SacII–KpnI sites in pBluescript SK(+)
(Stratagene, La Jolla, Calif.). For AAV5, TRRepCap extends
AAV5 RepCap at the 5′ end to nt 75, RepCapTR extends AAV5
RepCap at the 3′ to nt 4591, and TRRepCapTR extends both ends.
For B-AAV, TRRepCap extends the 5′ end to nt 81, RepCapTR
extends the 3′ end to nt 4637, and TRRepCapTR extends both
ends as well. Stop codons were introduced at nt 480 in the AAV5
constructs and nt 541 in the B-AAV constructs mentioned above
to make their RepStopCap derivatives. AAV5 and B-AAV Rep
expression plasmids were described before (Qiu et al., 2006b,
2002); these contain silent mutations in the RP region to avoid
hybridization with RNase protection probes directed against
RNAs generated from the aforementioned test plasmids. The Rep
proteins were expressed at comparable levels (data not shown).
SacII was used to linearize the AAV5 and B-AAV plasmids,
except for the TRB-AAVRepCapTR plasmid, which was
linearized by KpnI.
Luciferase reporter plasmids
All luciferase reporter constructs are based on pGL3-Basic
(Promega, Madison, WI). All AAV5 reporter constructs were
mentioned previously (Ye and Pintel, 2007). B-AAV reporter
constructs utilized the same cloning strategy but used B-AAV
counterparts. The B-AAV core promoter (CP41) contains nt
1889–1979. B-AAVmin added B-AAV sequences (nt 1779–
1888) upstream of the B-AAV CP41 construct. B-AAVmin
AP1m is based on B-AAVmin with the sequence ACTCAC at
nt 1797 to 1802 changed toGAGCAT.B-AAVminCREm is based
on B-AAVmin with the GT at nt 1875 to 1876 changed to TC. B-
AAVminAP1mCREm contains both changes.
AAV5-B-AAV chimeric plasmids
Chimeras were based on AAV5 and B-AAV RepStopCap
plasmids. The border (AAV5 nt 1472 and B-AAV nt 1481)
was chosen at a significant homologous region of the two con-
structs. B-AAVRepStopCapAAV5P41 was based on the parent
B-AAVRepStopCap plasmidwithAAV5P41 sequence (nt 1472–
1974) replacing the B-AAV P41 sequence (nt 1481–1983).
AAV5RepStopCapB-AAVP41 was based on the B-AAVRep-
StopCap parent plasmid with the reverse exchange.RNase protection assays
Total RNA was isolated 36–41 h post-transfection as pre-
viously described (Naeger et al., 1992; Schoborg and Pintel,
1991). RNase protections were performed as previously des-
cribed (Naeger et al., 1992; Schoborg and Pintel, 1991), using
homologous anti-sense probes. AAV5 P7 probe spans nt 278–
431, P19 probe spans nt 839–996, and RP probe spans nt 1846–
1986. B-AAV P7 probe spans nt 280–440, P19 probe spans nt
848–1005, and RP probe spans nt 1855–1995.
Luciferase assays
Luciferase assays were performed according to the manufac-
turer's suggested protocols (Promega, Madison,WI). Briefly, 293
cells grown in 12-well plateswere transfectedwith 0.1μg per well
of the testing luciferase reporter constructs along with 0.35 μg per
well of empty pBluescript SK(+) (Stratagene, La Jolla, CA) using
the Lipofectamine reagent (Invitrogen). In addition, 0.05 μg per
well of thymidine kinase (TK)-driven Renilla luciferase gene
reporter was cotransfected as an internal control. The total amount
of DNA transfected into each well was kept at 0.5 μg. Thirty-six
hours after transfection, cells were lysed and the luciferase activity
was tested using the Promega dual-luciferase reporter assay
system (Promega). Each experiment represents the average of
duplicates from three individual experiments (error bars shown),
each normalized to Renilla luciferase activity.
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